). This study demonstrated strong seasonal variations in microbial CO uptake and complex influences of various biotic and abiotic variables on this process.
INTRODUCTION
Microbial oxidation is usually the dominant sink of carbon monoxide (CO) in oceanic waters and thereby controls the amplitude of the diurnal cycles of CO in the upper layers of ocean waters (Conrad et al. 1982 , Bates et al. 1995 , Zafiriou et al. 2003 . The fast microbial removal renders only a minor (~14%) portion of CO in seawater, which is produced mainly by photolysis of colored dissolved organic matter (Conrad et al. 1982) , to be exchanged to the atmosphere (Zafiriou et al. 2003) . Biological CO oxidation also potentially influences the flow of organic C in the marine food web and the respiratory CO 2 budget by serving as a supplemental energy source for the COoxidizing organisms (Moran & Miller 2007) . CO oxidation is carried out by an unexpected diversity of marine bacteria (Tolli et al. 2006 , King & Weber 2007 , Moran & Miller 2007 ) and genome-sequencing of the CO-oxidizer Silicibacter pomeroyi (Moran et al. 2004 ) has greatly enhanced the understanding of this process at both the molecular and ecological levels. Despite these recent insights, the species-level identity of other CO-oxidizing microbes remains elusive, as does our comprehension of its metabolic functions. The roles of microbial CO oxidation in regulating the fate of marine organic carbon and CO air-sea exchange also need to be better defined, as their current flux estimates are based on limited data (Zafiriou et al. 2003 , Moran & Miller 2007 . This requires more extensive spatial and temporal mapping of microbial CO uptake rates and the development of predictive tools for the uptake rates based ABSTRACT: Microbial uptake of carbon monoxide (CO) in the Gulf of St. Lawrence and the estuary of the St. Lawrence River, Canada, typically followed first-order kinetics at ambient CO concentrations, [CO] , but saturation kinetics occasionally occurred in spring. The first-order uptake rate constant, K co , decreased from the upper estuary (8.48 d -1 ) to the lower estuary (3.94 d -1 ) and the gulf (1.32 d -1 ). K co inversely varied with tide and decreased from its highest value in summer (7.52 d ). Maximum K co values always occurred in a turbidity maximum zone near the head of the estuary. An empirical model was proposed to account for the effect of particle-associated bacteria on K co . Temperature dependence of K co obeyed Arrhenius behavior with the activation energy being lower in the upper estuary (21.5 kJ mol -1 ) than in the lower estuary and gulf (32.7 kJ mol -1
). The combination of bacterial abundance and temperature can serve as an all-season predictive tool for K co . CO uptake rate versus [CO] plots show typical Michaelis-Menten kinetics or inhibition behavior at elevated [CO] . K m was low and relatively invariable: 3.2 nmol l -1 [CO] in autumn and 4.9 nmol l -1
[CO] in winter. CO specific affinity in autumn (1.25 l (mg of cell) -1 h -1 ) more than doubled that observed in winter (0.51 l (mg of cell) -1 h on relatively easily obtainable biotic and abiotic variables. Microbial CO uptake is expected to vary seasonally due to changes in such factors as bacterial cell abundance and species composition, water temperature (T) and supply of nutrients. Butler et al. (1987) have reported the only 4-season microbial CO uptake turnover times, which were obtained from Yaquina Bay, Oregon, but gave no details of the CO uptake seasonality and its possible links to other environmental variables. Moreover, the 14 C technique they employed may not adequately characterize the CO uptake kinetics when ambient CO concentration, [CO] , is high or large amounts of 14 C-labelled CO are added (Tolli & Taylor 2005 , Xie et al. 2005 , 2009 . Although temperature is a well-known key factor that controls bacterial activity in general (e.g. Shiah & Ducklow 1994) , the extent of T-dependence of microbial CO uptake remains unclear. Recent findings reveal that ambient seawater CO concentration can also influence microbial CO uptake kinetics as a result of unexpectedly high enzymatic affinities for CO expressed by CO-oxidizing bacteria (Tolli & Taylor 2005 , Xie et al. 2005 , 2009 ). While CO uptake generally follows or can be approximated as first-order kinetics at low ambient [CO], mixed-order, saturation or even inhibition kinetics can occur at elevated [CO] (Zafiriou et al. 2003 , Xie et al. 2005 , 2009 ). The latter requires Michaelis-Menten kinetics to derive limiting rates, V max , and half-saturation substrate concentrations, K m , that more accurately characterize this process. Data in the literature on V max and K m of microbial CO uptake are scarce and cover only limited seasons and areas (salinity usually > 28) (Tolli & Taylor 2005 , Xie et al. 2005 , 2009 . Evidently, more MichaelisMenten kinetics studies are needed to characterize CO consumption on larger salinity and seasonal scales. In a cross-system assessment encompassing warm, cold (Arctic), coastal and open ocean waters, Xie et al. (2005) have demonstrated that the first-order rate constant of microbial CO uptake (K co ) positively correlates with chlorophyll a concentration, [chl a], a proxy of primary productivity. This correlation is, however, based only on summer data in warm waters and autumn data in Arctic waters. The Arctic spring data acquired later failed to support this relation, thus invalidating [chl a] as an all-season indicator for K co in the Arctic (Xie et al. 2009 ).
The present study goes beyond previous investigations to examine a high mid-latitude estuarine system: the Gulf of St. Lawrence and the estuary of the St. Lawrence River, Canada. It reports a 4-season K co dataset, the first assessment of the T-dependence of K co , and a 2-season probe of the Michaelis-Menten CO uptake kinetics. The relationships between K co and various biotic and abiotic variables were elaborated. Results from this work shed new insights into CO microbiology, aid in refining regional and global microbial CO uptake rates in the ocean and help us to better understand its roles in regulating organic carbon flow and CO air-sea exchange.
MATERIALS AND METHODS
Study area. The estuary of the St. Lawrence River and the Gulf of St. Lawrence, referred to herein as the St. Lawrence estuarine system (SLES), is traditionally divided into 3 sections: the upper estuary extending from Quebec City to the mouth of the Saguenay Fjord, the lower estuary from the Saguenay Fjord to Pointedes-Monts and the gulf east of Pointe-des-Monts (Fig. 1 (Painchaud & Therriault 1989 , Gobeil 2006 . Surface water transforms from freshwater-dominated case 2 water in the estuary to oceanic water-dominated case 1 water in the gulf (Nieke et al. 1997) . The Saguenay Fjord is the SLES' principal tributary, where the water column is sharply stratified and the surface water is highly enriched with terrigenous dissolved organic matter. The production of phytoplankton in the upper estuary is suppressed by the instability and the high turbidity of the water column (Gobeil 2006) . Primary productivity farther downstream is higher and typically peaks in spring in the gulf (Le Fouest et al. 2005) and in summer in the lower estuary (Therriault & Levasseur 1985) . Nitrate usually becomes limiting after the phytoplankton blooms (Yeats 1988) . Data concerning bacterial compartments in the SLES are rare. Some studies have demonstrated that bacterial dynamics in the upper estuary is controlled by both physical dispersion and bacterial production and predation (Lovejoy et al. 1993 , Painchaud et al. 1995 , Vincent et al. 1996 . Attached bacteria constitute an important component of the total bacterial community in the upper estuary (Painchaud & Therriault 1989) . Bacterial properties in the lower estuary and gulf remain obscure. Limited data show strong seasonal differences in bacterial activity in the gulf (Lovejoy et al. 1996 (Lovejoy et al. , 2000 . Sampling. Sample collection was conducted in the SLES aboard the RV 'Coriolis II' in summer 2004 (24 to 31 July), autumn 2005 (30 September to 8 October) and spring 2007 (3 to 10 May). Sampling in early winter 2005 (15 to 18 December) was carried out aboard the Canadian Research Icebreaker CCGS 'Amundsen.' Sampling stations were distributed along a longitudinal transect from the upstream limit of the estuary near Quebec City to the gulf (Fig. 1) . The summer and spring cruises also visited the Saguenay Fjord (Station [Stn] SF in Fig. 1 ), the principal tributary of the SLES with organic-rich surface waters. Two of the stations sampled in autumn only (Stns AU2 and AU3) were situated in the mouth of the Saguenay Fjord. A time-course station, Stn SP2, was occupied in spring to assess the effect of tide on K co . Samples of surface waters (≤2 m depth) were taken in all seasons while deeper depths were sampled at certain localities in summer and spring only. Table 1 shows stations and depths sampled in each season.
Bulk water was taken with 12 l Niskin bottles mounted on a CTD rosette. A hand-held high-density polyethylene bucket was occasionally used to collect surface water. While being protected from light, water was immediately drawn into acid-cleaned 100 or 200 ml all-glass syringes fitted with 3-way nylon valves. The syringes were used for various CO incubations as delineated in the next section. CO blanks of the sampling bottles were checked by lowering them to 300 m at Stn 12, yielding 0.11 ± 0.04 nmol l -1 (mean ± SD) in summer and autumn, when no contaminationcontrol measures were taken, and 0.05 ± 0.008 nmol l -1 in spring and winter, when the bottles were shielded from sunlight during transit between stations. These blanks were minor compared with the total [CO] at the start of each time-series incubation.
Chl a samples were collected onto 25 mm GF/F filters (Whatman). Suspended organic particles (SOP) were filtered onto pre-combusted and pre-weighted 47 mm GF/F glass fiber membranes (Millipore). The membranes were acidified with 10 ml of 10% v/v HCl to remove carbonates and rinsed with 10 ml of de-ionized water to remove salts. Samples for heterotrophic bacteria enumeration were transferred directly from the Niskin bottles into 5 ml sterile cryovials and fixed with glutaraldehyde (final concentration 0.1%). Chl a, SOP and bacterial samples were stored at -80°C for further analysis in a land-based laboratory.
Determination of K co . Procedures for determination
of the first-order rate constant, K co , followed the whole water dark incubation method by Zafiriou et al. (2003) and Xie et al. (2005) . Briefly, the 200 ml syringes containing the samples were incubated in the dark at the samples' in situ temperatures (±1°C) and analyzed for [CO] at appropriate times (usually 3 to 5 points per series). Each time series was fitted by an exponential, yielding K co . In autumn and winter, when ambient [CO] was at times too low to construct time-decay series, small amounts of CO-enriched air were added to the incubation syringes, which were shaken for 3 min and the headspace gas removed. The amended samples' [CO] were < 2 nmol l -1 in autumn and <1 nmol l -1 in winter; CO uptake followed first-order kinetics at these [CO] . Depending on CO consumption rates, incubation time varied from 1.5 to 37.5 h, within which bacterial abundance remains relatively stable (Painchaud et al. 1996) . The method's precision was evaluated at Stns 7 and AU1 in autumn by incubating 5 replicates from each station, giving relative SD values of 8.3% (K co : 1.33 ± 0.11 d ), respectively. The reproducibility of K co measurement was occasionally checked with duplicate incubations, giving a mean difference between duplicates of 6 ± 2.8% (range: 4 to 11%, n = 5). It is assumed that errors for measurements without replicate incubations would be similar to those reported here. Note that this method measured net loss rate constants, which should be close to the corresponding gross loss rate constants since abiotic dark production of CO, based on the results of Zhang et al. (2008) , was minor within CO turnover times obtained from this study. T-dependence and Michaelis-Menten kinetics studies. Incubations for studying the T-effect on K co were conducted in summer at Stns 1, 2, 3, 7, 9, 11, SF and SU1. The 200 ml syringes containing the samples were incubated in the dark at 3 temperatures, including the one at the sample's in situ temperature. Procedures for K co determination are described in the previous section. The K co data for each station were fitted to the linearized Arrhenius equation to derive the activation energy, E a .
Approaches for the Michaelis-Menten kinetics study were modified from Xie et al. (2005 Xie et al. ( , 2009 . From 7 to 14 replicate incubation syringes (100 ml each) were amended with CO-free or CO-enriched air and shaken for 3 min. The headspace gas was then expelled, yielding 7 to 14 different initial [CO] . Each syringe was analyzed for [CO] close to the time of preparation, incubated in the dark and analyzed a second time. Incubation durations were optimized to produce measurable rates of CO consumption while changes in [CO] were minimal. CO uptake rates (v) in all syringes were pooled together and V max and K m were derived from nonlinear fitting (v versus [CO]) of the Michaelis-
. The Hanes plot is preferred over other linearized Michaelis-Menten forms to compute V max and K m (Cornish-Bowden 1995) . We employed the Michaelis-Menten kinetic model for whole community uptake of CO, and we recognize that this model was originally developed for a single enzyme system but was later adapted for natural microbial communities (Wright & Hobbie 1965) .
Analysis. Incubation syringes were subsampled using 50 ml glass syringes fitted with 3-way nylon valves; the latter were flushed twice with sample water before the final filling.
[CO] was measured using a manual headspace method (Xie et al. 2002) . Briefly, 5 ml CO-free air was introduced into the sample-filled 50 ml syringes (a gas:water ratio of 1:6). The syringe was vigorously shaken for 3 min and the equilibrated headspace air was injected into a modified Trace Analytical TA3000 reduction gas analyzer for CO quantification. The system was standardized by frequent injections of a gaseous CO standard (1.23 ppm, Praxair) using a wetted 10 ml glass syringe (100% relative humidity). Precision of the [CO] measurement was estimated to be ± 0.02 nmol l -1 (or ± 2%). Filters retaining SOP were lyophilized and the concentration of SOP, [SOP] , was determined by weight difference corrected for the volume of the filtered water. Measurement of [chl a] followed the HPLC method by Zapata et al. (2000) . Free-living bacterial abundance, [BC] f , was determined using an Epics Altra flow cytometer (Beckman Coulter) equipped with a 488 nm argon laser operated at 15 mW. A 0.5 ml subsample was half diluted in 1× Tris-EDTA buffer (pH 8) and the resulting 1 ml solution was incubated with 0.25 µl SYBR Green I (Ci = 10 000×, Invitrogen) for 30 min at room temperature in the dark. We added 10 ml fluorescent beads (1 µm in diameter; Fluoresbrite Plain, YG) to each sample as an internal standard and then analyzed the samples with the cytometer for 3 min.
[BC] f was calculated from the analysis volume that had been gravimetrically determined and corrected for the dead volume (50 µl, i.e. the volume taken from the sample tube but not accounted for when data acquisition was stopped). Salinity (S) was determined with a salinometer (model 8410A, Portasal).
RESULTS

Spatial and seasonal variation of K co
Microbial CO uptake in the SLES approximated first-order kinetics in most cases. Fig. 2 shows typical first-order CO decay curves and , and switched to first-order kinetics at deeper depths (10 and 20 m), where in situ [CO] dropped to <1 nmol l -1 (Fig. 3A) . Stn 12, however, exhibited saturation kinetics at all 3 sampled depths (2, 10 and 20 m) despite low in situ [CO] (<1 nmol l -1 ) (Fig. 3B) . Seasonally, surface water (< 2.5 m) K co decreased in descending order from its highest value in summer (7.52 ± 4.40 d (Table 1) .
K co in the SLES at winter's freezing water temperatures (1.05 d ) (Xie et al. 2005) . If compared over the same salinity range from 0 to 30, our surface water K co values are similar to those in the more southern Yaquina Bay in Oregon (Butler et al. 1987) for summer (7.25 versus 7.37 d ). In view of the warmer water temperatures in Yaquina Bay (>10°C higher in winter and ≥ 5°C higher in the other 3 seasons), biotic and abiotic variables, in addition to T, that regulate CO consumption should differ considerably between the 2 systems. The difference in methodology also may have played a role. Butler et al. (1987) used the 14 C technique to determine K co while we employed the whole water incubation method (see Xie et al. 2005 ).
Temperature-dependence of K co
Summer's T-dependence incubations all showed linear Arrhenius plots (Fig. 4) with varying slopes and thereby E a values (Table 2) . E a for the upper estuary (S: 0.11 to 5.47) is lower than for the lower estuary and gulf (S: 24.17 to 29.38): 21.5 ± 1.6 versus 32.7 ± 4.0 kJ mol -1 . The Saguenay Fjord's E a values are higher than those for the estuary and gulf based on salinity. The deeper, saltier sample from the fjord, however, also gives a higher E a value than does the less saline surface sample ( Table  2 ). The Q 10 values demonstrate that for a 10°C increase K co rises on average by 40% in the low salinity samples (S < 6) and by 64% in the more saline samples (S: 14.84 to 29.38).
In summer the difference in T could cause K co at Stn 1 (22°C) to be only 78% higher than K co at Stn 12 (15°C), which is far below the observed discrepancy (12.58 versus 1.78 d -1
). Similarly, the expected T effects in autumn and spring could account for only small portions of the observed differences in K co between the 2 stations if summer's E a values are assumed. Hence, other variables, such as salinity, pH and nutrients, which, together with T, regulate bacterial abundance, composition and activity, should have been important in controlling CO consumption in these 3 seasons.
In winter little T effect on K co is expected since T was nearly constant throughout the SLES. Furthermore, variations of pH in the SLES are small (7.76 to 8.10, Lebel & Pelletier 1980 , Zhang et al. 2008 ) and nutrients should be relatively abundant in winter due to low primary production and strong vertical mixing. Consequently, salinity would be the dominant factor controlling microbial CO uptake as demonstrated by the strong inverse correlation of K co to S (Table 3) . Partial correlation analysis confirms that this relation largely stemmed from the inverse correlation of [BC] f to S (R 2 = 0.928, n = 10). Thus, physical dispersion of bacteria during estuarine mixing (Painchaud & Therriault 1989 , 1995 played a central role in dictating the dynamics of K co in winter. . Arrhenius plots of first-order CO uptake rate constant (K co ) for Stns 1 (s), 2 (7), 3 (h), 7(g), 9 (n), 11 (n · ), SF at 2 m (y), SF at 9 m (y · ) and SU1 (e). Lines are the best fit plots of the data. Coefficients of determination (R 2 ) and activation energies derived from these plots are shown in Table 2 .
T: temperature; see Table 1 
Michaelis-Menten kinetics
Results of Michaelis-Menten kinetics studies are summarized in Table 4 . A and Y 0 are fitted parameters and stand for the proportionality constant and the intercept, respectively. Stn 2 is removed for data fitting except for summer. R 2 is the coefficient of determination of predicted K co versus measured K co [chl a] , assuming that the T-dependence of K co followed the Arrhenius behavior and that K co was proportional to [BC] Table 3) . The K co -T-[BC] f relationships are significant (p < 0.05) for summer, autumn and spring, while the K co -T-[chl a] relationships are significant only in summer (analysis was not performed for winter since T in winter was nearly constant). Pooling data from all 4 seasons gives a significant correlation of K co to T and [BC] f but not to T and [chl a] (Table 3 ). (Table 3) .
Based on the above regression analyses, S is a statistically valid indicator of K co in autumn and winter, T in autumn and spring, [chl a] in summer and [BC] f in summer and winter. The combination of [BC] f and T emerges as the only all-season indicator of K co . However, unlike [chl a], which can often be retrieved via remote sensing, [BC] f is more difficult to acquire on large temporal and spatial scales, thereby limiting its potential as a predictive tool for K co .
Effect of suspended particles on microbial CO uptake
The highly enhanced microbial CO uptake at Stn 2 in autumn, winter and spring should have resulted from CO consumption by bacteria attached on suspended particles. Particle-based CO uptake could also exist at other stations, though to a lesser extent because of lower particle loads. Painchaud & Therri- , where v is the CO uptake rate. The filled square for Stn 12 shows inhibition of CO uptake and is excluded from data fitting. Lines in (B) are best linear fits of the data. See Table 4 , where A is a constant. Note that this equation does not contain the constant (Y 0 ) term since statistical results indicate that A and Y 0 are highly dependent. The optimum value of f p is determined iteratively by minimizing the sum of squares of the differences between the measured K co and the K co predicted from this model. Fig. 7 indicates that the proposed model well explains the enhanced CO uptake at Stn 2 and greatly improves the overall performance of data fitting for autumn, winter, spring and all 4 seasons combined, but not for summer (data not shown) when particle loads are much lower. Based on (Table 3) versus measured K co values for all-season data. Solid line is the best fit plot of the data and broken lines are 95% confidence intervals. Data from Stn 2 in the turbidity maximum zone are excluded for autumn, winter and spring the f p value, the particle effect is the strongest in spring (f p = 0.062 l mg ). The present study, therefore, indirectly proves an important role of particle load and its seasonality in regulating microbial CO uptake in particle-rich waters. It should be pointed out that this model does not intend to propose mechanisms of ecological interactions between free-living and attached bacteria. Rather, it mainly aims at providing an empirical quantitative formula to assess the effect of suspended particles on microbial CO consumption. (Table 1 ). Saturation or inhibition at high ambient [CO] may, therefore, be common in cold waters during vernal warming when increasing solar irradiances result in an elevated CO production but relatively low water temperatures depress bacterial activity. The more surprising observation in the present study is the saturation of CO uptake at very low in situ [CO] (< 0.83 nmol l -1 ) occurring from the surface down to 20 m at Stn 12 in spring (Fig. 3B ). This could arise from the presence of microbes with exceptionally high-affinity CO uptake systems or with unusual CO-uptake physiology at this particular locality and time. Further investigations are needed to clarify this issue.
Implications of CO uptake kinetics
Uptake of certain organic substrates by natural microbial assemblages follows multiphasic kinetics and is enhanced with decreasing substrate concentrations (Azam & Hodson 1981 , Lewis et al. 1988 . A single pair of K m and V max values thus cannot adequately describe this behavior since K m , V max , and their ratio change with substrate concentrations (e.g. Lewis et al. 1988) . Based on theory as related to cytoarchitecture, Button and co-workers (e.g. Button 1998 , Button et al. 2004 ) developed the concept of specific affinity (a 0 s ) to supersede the Michaelis-Menten model: a 0 s is defined as the bacterial biomass-normalized uptake rate constant at near-zero substrate concentration.
The present study did not detect multiphasic kinetics for microbial CO uptake, which is consistent with previous studies (Tolli & Taylor 2005 , Xie et al. 2005 , 2009 However, these kinetic characteristics were not observed in warmer and/or nutrient-richer waters in the SLES (present study, autumn and winter), the northwest Atlantic Ocean (summer), and the coastal Arctic Ocean (autumn) (Xie et al. 2005) . In the SLES the low CO uptake activation energies of < 40 kJ mol -1 (Table 2) conform to the activation energy of ~40 kJ mol -1 found for nutrient-sufficient microbial growth (Felip et al. 1996) . According to the cytoarchitecturebased theory (Button 1998 , Button et al. 2004 ), Hilltype curves and threshold substrate concentrations are related to energy requirements for building cell membrane potentials to prime active substrate transport, which are particularly relevant to microorganisms in low-energy (i.e. cold) and low-nutrient environments during spring warming. Warm and nutrient-rich conditions act to maintain energized cell membranes and thereby reduce or eliminate threshold substrate concentrations and Hill-type curvature (Button 1998 , Button et al. 2004 . Results from this and previous field studies are, therefore, consistent with the predictions by Button et al. (2004) .
For comparison with processes of microbial uptake of organic substrates, a 0 s values of CO uptake are calculated as the V max :K m ratio divided by bacterial biomass (Button et al. 2004) . Carbon-based bacterial biomass is estimated from [BC] f by using a conversion factor of 25 fg C cell -1 (Bell 1993 ) and converted to wet cell biomass according to Button (1998) . The wet cell biomass-based a ), which in part should be attributed to warmer temperatures in autumn and is consistent with findings for microbial uptake of organic substrates (Button et al. 2004 (Button 1998 , Button et al. 2004 ).
CONCLUSIONS
CO uptake generally followed first-order kinetics throughout the SLES and in all 4 seasons with the exception of 2 localities (Stns SF and 12) where saturation kinetics occurred in spring. In all seasons the firstorder CO uptake rate constant, K co , decreased from the upper estuary to the lower estuary to the Gulf. K co displayed a large seasonality, decreasing in order from its highest value in summer followed by spring and autumn to its lowest value in winter, and tide-dependence, in decreasing order of low tide > inter-tide > high tide. Particle-associated microbes accelerated CO uptake, resulting in the fastest consumption to occur in the TMZ. Microbes in high saline waters exhibited stronger T-dependence of CO uptake than the low saline counterparts. Salinity, T, [chl a], and [BC] f can be used as a proxy of K co in, respectively, autumn and winter, autumn and spring, summer, and summer and winter. The combination of [BC] f and T can be used as an all-season predictive tool for K co . Microbial CO uptake followed single-phase Michaelis-Menten kinetics with K m falling in a narrow range of low-nanomolar concentrations. CO specific affinities are within the ranges of those for various organic substrates. The present study demonstrates substantial seasonal variations in microbial CO uptake and complex influences of various biotic and abiotic variables on this process. 
